Abstract-Actual call connection time (ACCT) is the total time that a mobile user engages in communications over a wireless network during a call connection. Due to limited network resources of wireless mobile networks, a call connection may be prematurely disconnected and the ACCT for the call in general may not be the same as the requested call connection time (RCCT). The ACCT depends not only on the RCCT, but also on the network resource allocation scheme and network traffic. In this paper, we characterize the ACCT and related performance metrics for wireless mobile networks under a newly proposed general channel allocation scheme. This scheme generalizes the nonprioritized scheme, the reserved channel scheme, the queueing priority scheme and the subrating scheme in such a way as to reduce the blocking probability of the handoff calls while keeping the ACCT as long as possible. Explicit formulae for the distribution and the expectation of the ACCT are obtained. The call completion probability, the call drop probability, and the average actual call connection times for both the complete calls and the incomplete calls are derived. The results can form the basis for designing better billing rate schemes by differentiating incomplete calls and complete calls.
I. INTRODUCTION
T HE NEXT-generation wireless mobile networks promise to provide a wide variety of services such as voice, data, and multimedia to users on the move. Mobile users can make a phone call as in wired telephony, or make a connection to retrieve information messages such as email or stock information, even make a connection to surf the Internet, or to do business over the Internet (electronic commerce or mobile commerce). Due to the limited resources (time, frequency, and code) of such networks, ongoing call connections may be disrupted or dropped, leading detrimental effect on customer satisfaction. In order to address this issue, it seems a good idea to apply different charging rates to the complete call connections and incomplete call connections( [8] , [17] ). Thus, the actual call connection time (ACCT), the time a mobile user actually uses the network services during a call connection, and the ACCT for both incomplete call connections and complete call connections will be important quantities for such design of billing schemes. Wireless networks such as personal communication service (PCS) networks have the service coverage area populated with base stations, which are interconnected with either public telephone networks or packet switching networks, the backbone networks for providing services to mobile users. Each base station is responsible for relaying service to mobile users in its area, called a cell. In each cell, there are usually two classes of call traffic: new calls and handoff calls. A new call is the call connection which initiates in the current cell, while a handoff call is the call connection which initiates in another cell and is handed over to the current cell. When a new call originates in the current cell, if an unused channel is available, it will be assigned for the communication between the mobile user and the base station and a new call is accepted for service. If a channel cannot be assigned to the new call, based on the channel allocation scheme, the new call may be blocked and cleared from the system, in which case, the ACCT for this call is, therefore, zero. When a new call gains a channel, it will keep the channel either until it is completed in the cell or until the mobile moves out of the cell (we do not consider the channel reassignment in this paper). If the call is completed in the cell, the ACCT is equal to the requested call connection time (RCCT). If the mobile user does not finish the service in the originating cell, it will move out of the cell and attempt to gain service (a channel) in another cell. If the call does not acquire resource (either buffers or a channel), it will be forced to terminate. In this case, the ACCT will be the time from the start of the call to the time that the call is terminated prematurely. If the handoff is successful, then the call will continue in the new cell, and the ACCT will accumulate and the same procedure repeats.
As we observe from the above discussion, the ACCT depends on the channel (resource) allocation scheme used for handling new calls and handoff calls. The following is a brief review of channel allocation schemes found in the current literature.
• Nonprioritized Scheme (NPS): New calls and handoff calls are treated equally. Thus, either a new call or a handoff call will be served as long as there is a channel available in the cell. This scheme has been employed by the typical radio technologies proposed for PCS systems operated around 2 GHz [20] .
• Reserved Channel Scheme (RCS) (also called guard channel or cutoff priority scheme): In this scheme, out of a total of channels in each cell are reserved for handoff calls. Thus, a new call can gain a free channel only if at least channels in the cell are free. A handoff call will always gain a channel as long as there is any channel available. Notice that only the number of channels, not individual channels, are reserved. The overall effect of this scheme is that new calls will be blocked if at least channels are in use, while handoff calls will always be served if there are idle channels in the cell [18] , [23] .
• Queueing Priority Scheme (QPS): New calls are blocked when there are no free channels available in the cell. When the handoff calls find that all channels are occupied, they are queued according to various queueing disciplines and wait for an occupied channel to be released [20] , [16] .
• Subrating Scheme (SRS): In this scheme, certain channels are allowed to be temporarily divided into two channels at half of the original rate to accommodate handoff calls. This SRS will be activated when all channels are occupied at the moment of a handover call arrival. When a subrated channel is released, it forms into an original full-rated channel by combining with another subrated channel [17] , [21] . In this paper, we propose the following more general channel allocation scheme, which combines the idea of a guard channel, queueing and SRSs, which is described as follows.
1) Each cell consists of channels of rate kb/s and a buffer with size of for handoff calls only. ( ) channels in each cell are reserved for handoff calls and each of them can be split into two channels with different rates kb/s and kb/s, respectively, when a handoff call arrives and finds ( ) calls in the cell. 2) A new call will gain a full rate channel for service when it arrives and finds there are only ( ) calls in the cell. Otherwise, the new call will be blocked and cleared from the system. 3) A handoff call will also gain a full rate channel for service when it arrives and finds the total number of calls in the cell is less than . However, if a handoff call finds all channels are busy upon its arrival and the number of split channels in the cell is less than , one of the full rate channel will be split into two split channels, one keeping the original call and the other one being assigned for the coming handoff call. If the number of split channels is upon the handoff call's arrival, the call will be placed on hold until the time at which either it gains a channel for service, or it disconnects from the system because of the user's impatience, or the mobile moves out of the current cell. If a handoff call finds all positions in the handoff queue are occupied when it comes, it will be forced to terminate and is cleared from the system. A state machine description of this proposed general channel allocation scheme is given in Fig. 1 .
The purpose of our proposed scheme is to incorporate the commonly used schemes of NPS, RCS, QPS, and SRS in such a way as to cast the channel allocation scheme in a unified framework, thus, we can reduce the blocking probability of handoff calls while keeping the ACCT as long as possible. Our focus of this paper is to find an unifying expression of the average ACCT for a call connection, for a complete call connection and for an incomplete call connection, respectively, under the general channel allocation scheme. Based on the average ACCT for a complete call and an incomplete call, the operating companies can design more reasonable charging scheme as already shown in some of the co-authors' work [8] , [18] : incomplete calls are charged less for better customer care. Operating companies can, based on the ACCT for complete calls and incomplete calls, design a scheme to minimize the overall revenue loss while taking care of the customers' satisfaction by charging complete calls higher rate and incomplete call lower rate. Moreover, it is intuitive that the blocked handoff calls and the incomplete calls can significantly be reduced because the general channel allocation scheme (GCAS) possesses all the advantages for the handoff calls in the four schemes. In fact, this is the main advantage of our scheme if one compares it with other four schemes. Furthermore, the ACCT of the new scheme tends to be longer than anyone obtained based on the four schemes because of more chances for handoff calls to gain access, due to incorporation of queueing and subrating ideas in our new scheme. In fact, the new scheme are expected to include all advantages of the four schemes from viewpoint of billing strategies and the minimization of the blocked handoff calls. One disadvantage of this general scheme is that some interested results, such as ACCT for any call, the ACCT for a complete call and for an incomplete call, may be too difficult to achieve analytically under more general assumptions on the cell traffic and holding time distributions due to the complicated operational structure of the channel allocation scheme. This paper, however, is taking the first step to obtain the closed form results for the ACCT for a call, the ACCT for an incomplete call and a complete call. It is our belief that our results can be used to develop enhanced billing schemes, which will provide for increased satisfaction for the network service provider and the customers. This paper is organized as follows. In Section II, we list assumptions and notations used in this paper. We then present analytical characterization of the ACCT in Section III. The analysis for the ACCT for incomplete calls and complete calls are given in Section IV. In Section V, we present results for the cases when the call processes are independent call arrival processes, dependent call arrival processes, and the correlated call arrival processes, respectively. We conclude the paper in Section VI.
II. ASSUMPTION AND NOTATION
In this section, we provide a detailed description for GCAS and notation we use in this paper. Relationships between this scheme and the previous schemes are also discussed. The basic assumption of the GCAS, except those already described in Section I, are as follows.
1) The wireless mobile network here is assumed to be homogeneous (see Remark 1 and paper [25] ), i.e., the underlying processes and parameters for all cells within the cellular networks are statistically identical. 2) Each cell consists of channels and a buffer of size for handoff calls only. ( ) channels in each cell can be split into two channels with rates -kb/s and -kb/s, respectively, when a handoff call arrives and find ( ) calls in the cell. The original rate for each channel is -kb/s, which is the sum of -kb/s and -kb/s. 3) Each handoff call arriving at the cell and having to wait in the handoff area has a patience time. If the virtual waiting time (i.e., the time which the handoff call would have to wait until service) exceeds the patience time, the handoff call departs from the system and is lost by impatience. The patience times of the handoff calls are assumed to be independent and identically distributed (i.i.d.) with exponential distribution and with an expectation . See [1] - [4] , [12] , and [27] for more application of the impatience phenomena in various systems. 4) The RCCT, , of a call is defined as the call duration without forced termination. This time is also called the call holding time ( [6] ) or the unencumbered session time ( [23] ). As usually [14] , [21] , it is assumed to be exponentially distributed with mean on the original channel with rate -kb/s and exponentially distributed with mean ( ,2) on the split channels with rate -kb/s, where . 5) The cell residence time, , of each mobile is defined as the interval that a mobile user stays in a cell and is assumed to be exponential distribution with rate . Usually, it depends on the mobile velocity and direction as well as the shape of the cells. Some reasons for assumptions of the exponential distribution for RCCT and cell residence time are listed in Remark 2. 6) Handoff area has been defined as the area in which the average received power level from the base station is between the handoff threshold level and the receiver threshold level [13] . Here, the handoff threshold is set at the point where the power received from the BS of a neighboring cell site has started to exceed the power received from the current BS by a certain amount and/or for a certain time and the receiver threshold is the point at which the received power from the BS is at the minimum acceptable level [26] . The handoff area residence time is a random variable and usually also depends on the mobile velocity and direction as well as the shape of the cells. We use the mean of this variable to approximately produce an exponential time with same mean, which is denoted by . This time has the relationship with the queueing time. In fact, based on our scheme, the queueing time is the minimum of this variable and the patient time. 7) All random variables above are assumed to be independent each other.
It is worthwhile to point out that if the arrival processes of the new calls and handoff calls are independent each other and are Poisson processes, our general scheme will reduce to some popular schemes as follows.
• If and , the scheme is the same as the NPS.
• If , , and , the scheme is equivalent to the RCS, in which the total number of channels in a cell is and number of reserved channels for handoff calls is .
• If , the scheme is the same as the QPS.
• If and , the scheme becomes the SRS.
Remark 1:
The homogeneity assumption implies that the structures of all cells within the PCS networks are statistically identical. This is possible in the reality if the network areas are almost similar, for example, if there are no high mountains, no large lakes. Most performance studies in cellular networks commonly invoke this assumption in order to obtain tractable analytical results. This is particularly true for PCS networks because the cell size is reduced significantly. The main technical difficulty for the nonhomogeneous case is the lack of realistic modeling of the interactions of the call traffic among cells (particularly the neighboring cells). To the authors' knowledge, there is no good model for nonhomogeneous cellular networks in the current literature.
Remark 2: Since we are only handling call connection level performance, the requested call connection time corresponds to the regular call holding time in wired telephone systems for voice services and session time for data services in computer systems. The exponential model has been shown to appropriate for call holding time in telephone systems in the past. In [24] , the authors also observed that some TCP session time, such as for remote login, is well modeled by exponential distribution. Moreover, we use the exponential assumption mostly because we want to derive analytical results as commonly done in the current literature. The focus of this paper is not on whether these assumptions are appropriate or not. However, for more general discussions on the validity of such assumptions, please refer to some papers by one of the coauthors (see [6] , [7] , and references therein). Under NPS and RCS schemes, the exponential distribution has been extended to the more general model (such as hyper-Erlang) for call performance evaluation ( [5] , [9] , [18] ).
Remark 3: It is also noteworthy to point out that there is no specific assumption on the call arrival processes in the GCAS. Potential processes such as independent call arrival processes, dependent call arrival processes or correlated call processes can be used to model the cell traffic.
III. ACTUAL CALL CONNECTION TIME (ACCT)
The ACCT per call is the total time that the mobile user spends in the network. It depends not only on the customer's requirement but also on the network structure (including the channel schemes). It will be of great interest to know the distribution of the ACCT as described in the introduction. In the past, the ACCT has been studied for the cases when no queueing is allowed [8] , [9] , [18] . In [18] , this measure is called actual call holding time for the RCS. We study the ACCT under the general channel allocation scheme.
As we pointed out in the RCS [18] , the ACCT cannot be greater than RCCT because there is no buffer in the cell. However, in the current general scheme, we observe that: 1) the ACCT can be greater than the RCCT and 2) the call may be incomplete even if the ACCT is greater than the RCCT. These are possible because handoff calls can wait in the handoff area during the handoff process and the actual call connection time contains not only the time in service but also the possible waiting time.
Let denote the distribution function of the ACCT, say , of a typical call. We find this distribution can be clearly derived in terms of the unit step function. Based on the above observation, if we introduce four events , , , and as:
• , we must know the new call blocking probability and the forced termination probability. For this purpose, we introduce the following notation and some basic results.
• : the new call blocking probability, i.e., the probability that a new call is blocked and cleared from the system in the originating cell due to the lack of an available channel. • : the probability that a handoff call is forced to terminate in a handoff area, i.e., the probability that a handoff call is blocked and cleared from the system in the handoff area, due to the possibilities that either the buffer being full or its waiting time in the buffer exceeding its maximum waiting time.
• ( ): the interval from the epoch that the call arrives and finds calls already in the cell, to the epoch that one of the call leaves the cell.
• : the maximum queueing time of a handoff call in the buffer, i.e., the minimum of the call's handoff area residence time and the call's patience time in the buffer. • ( ) are given by the equation at the bottom of the page, where , and
. It is straightforward to show that is in fact the departure rate when there are calls in the cell. Based on the exponential assumptions and a direct probabilistic analysis, we know that is exponentially distributed with expectation and that , the minimum of the patience time and the handoff area residence time, is also exponentially distributed and has an expected value . Therefore, the probability that a handoff call is forced to terminate in a handoff area is given by the arriving handoff call finds calls in the cell and the call is finally forced to terminate (3.1) and the new call blocking probability is given by (3.2) where ( ) denotes the steady-state probability that an arriving handoff (new) call finds there are already calls in the cell and . These probabilities closely depend on the arrival processes and their explicit results are given in Section V for some cases. It is noteworthy to point out that these two probabilities are usually not the same each other and are also not the same as the steady-state probability when there are calls in the cell. Some relations among these three steady-state probabilities are included in Section V. Now, we study the distribution of the ACCT. At first, it is readily shown that .5) and (3.6) where , ( ) is the actual waiting time of a handoff call in the th handoff area during its connection period, and is the handoff call's maximum queueing time in the th handoff area.
Based on the results in (3.3), (3.4), (3.5), and (3.6), we obtain the distribution function for the ACCT as shown in (3.7) at the bottom of the page.
We are more interested in the closed expressions of the L-S transform and also the expectation of the actual call connection time in the research. For this purpose, we first need to know some properties of distribution of random waiting time based on the result in (3.7). We then find the simple closed expressions for both of these two interested measures.
Based on the assumptions of the network, it is easily to know that are i.i.d. random variables. Let be its generic form. By a direct probability argument, we have arriving handoff call finds calls in the handoff area (3.8) Therefore, the Laplace-Stieltjes transform of the probability distribution of random variable is given by (3.9) and the average actual waiting time of a handoff call in the handoff area is given by (3.10)
Now, from results and (3.7), if we denote by the L-S transform of probability distribution of the ACCT , we have (3.11) From this result, it is readily to know that the expected ACCT is then given by (3.12)
Remark 4: From the above simple formulae in (3.11) and (3.12), we can easily find the related results for the four channel allocation schemes described in the introduction. For example, if let in the equation (3.12), we have . This is the same as that obtained for RCS in [18] when , by noticing that in this case could be reasonably deemed as . In fact, as for NPS and SRS, the formulae of the average ACCT are the same as that in RCS with a slightly modification of the expressions for and only based on different schemes. The formula of the average ACCT for the case of QPS, however, can not be so simple as those in RCS, NPS and SRS. This formula can directly be obtained from result in (3.12) by applying .
IV. COMPLETE CALLS AND INCOMPLETE CALLS
As we mentioned earlier, it is important to distinguish complete calls from incomplete calls. Due to such consideration, we are interested in the call completion probability, the call dropping probability, and the actual call connections times for complete calls and incomplete calls.
A. Probabilities
Based on the relationship between the actual call connection time and the requested call connection time of a new call, we can classify the actual call connection times into three categories.
• The first category occurs when the new call has failed to be connected. This means that the actual call connection time is zero. • The second category occurs when the new call is connected and completed. This implies that: -the call completes all necessary handoffs successfully; -the ACCT is greater than zero and is also greater than or equal to the RCCT.
• The final category occurs when the new call is connected but is eventually forced to terminate. This implies that the ACCT is greater than zero, and that: -the ACCT is greater than or equal to the RCCT, but the call is eventually forced to terminate during a handoff, or -the ACCT is less than the RCCT. Based on above observation and the results in equations (3.4), (3.5) , and (3.6), we have the following results.
• The probability that a call is complete (the call completion probability) is (4.13)
• For incomplete calls, we have the following two situations.
1) The probability that a call is incomplete and the actual call connection time is greater than or equal to the requested call holding time is given by (4.14)
2) The probability that a call is incomplete and the actual call connection time is less than the requested call holding time is given by (4.15) Therefore, the probability that a call is incomplete is (4.16) It is easy to see that . This is consistent with the intuition that a new call may be blocked in the initial cell, or may be connected with the initial cell and ends with an incomplete call or a complete call. It is also noted that our results are the same as those in [20] for a specific scheme.
B. Average ACCTs for Complete Calls and Incomplete Calls
The average actual call connection times for complete calls and incomplete calls are of great interest. We determine analytical results for them in this section.
Let denote the indicator function of the event , that is, is equal to one if occurs and zero otherwise. Let and denote the actual call connection times for a complete call and an incomplete call, respectively. From (3.4), the average ACCT for a complete call is given by (4.17) From (3.5) and (3.6), we obtain the average ACCT for an incomplete call (4.18) Notice that the result of average ACCT in (3.12) can also be obtained by substituting (4.17) and (4.18) into the expression .
V. COMPUTATION OF PROBABILITIES AND
We observe that in order to apply our results, we need to find the new call blocking probability and the forced termination probability of a handoff call . According to the results in Section III, we know that these two probabilities are closely dependent on the steady state probabilities of number of the calls in the cell when a handoff call and an new call arrive to the cell, respectively. Now, let denote the steady state probability when there are calls in the cell. It is straightforward to observe that in general if the handoff arrival process is not Poisson process and that in general if the new arrival process is not Poisson process. To show this difference and to finally find the probabilities and , in this section, we present the results for cases when the call arrival processes are modeled by the independent call Poisson arrival processes, the dependent call arrival processes and the correlated call arrival processes, respectively.
A. Independent Call Arrival Processes
In this case, the new calls and handoff calls are assumed as Poisson arrival processes and are independent of each other. According to the well-known Poisson arrivals see time averages (PASTA) result in queueing theory, we know that in this case for all possible . Now, suppose that the new call arrival process is Poisson with rate , and that the handoff call arrival process is Poisson with rate . By a direct probabilistic analysis (Markov chain theory), we have the equation at the bottom of the page, where and the first equation at the bottom of the next page.
Therefore, from the results in (3.2) and (3.1), the new call blocking probability is given by and the probability that a handoff call is forced to terminate in a handoff area is given by
B. Dependent Call Arrival Processes
In some wireless networks, call arrival processes may be dependent on the number of call connections in a cell [4] , [19] . In this case, and will be different from . Suppose that if if if the new call arrival process is Poisson with rate and that the handoff call arrival process is Poisson with rate when there are calls in the cell. Using a similar argument as that in [19] , we obtain the second equation at the bottom of the page, where Now, we consider the average number of handoff calls over a longer period of time, say , when the system is in equilibrium. We observe that the average number of handoff call arrivals is and that the average number of handoff calls finding calls in the current cell is . Thus, the probability that an arriving handoff call finds that there are calls in the cell is Similarly, the probability that a new call finds that there are calls in the cell is Therefore, from the results in (3.1) and (3.2) , we obtain the new call blocking probability is and the probability that a handoff call is forced to terminate in a handoff area is
C. Correlated Call Arrival Processes
In this situation, we consider the MAP, which contains both phase type renewal processes and correlated arrival streams, such as the Markov modulated Poisson process (MMPP), as special cases. For the application of the MAP in the PCS networks, please refer to [17] Since the total handoff arrival rate is and the new call arrival rate is , we know that the probability that an arriving new call finds calls in the cell is and an arriving handoff call finds calls in the cell is Therefore, from the results in (3.1) and (3.2), we obtain the new call blocking probability is and the probability that a handoff call is forced to terminate in a handoff area is VI. CONCLUSION In this paper, we analytically characterize the actual call connection time and related performance metrics for wireless mobile networks under a newly proposed general channel allocation scheme. Explicit formulae for the distribution and the expectation of the ACCT are obtained. The call completion probability, the call drop probability and the average actual call connection times for both complete calls and incomplete calls are also derived. With the analytical results for actual call connection times, billing rate planning schemes for wireless network services can be evaluated and designed. More importantly, the analytical techniques developed in this paper may be useful for performance analysis of other telecommunications systems.
